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I . Abstract of the project results

Abstract
The purpose of this proposal is to use photosynthetic antenna pigment complex (LH) from algae in order to control the direction and orientation of the complex on electrodes with pattern for development of nanobiodevices (nanobiophotonics) and its fuelization. The advantage of these pigment complexes from algae as well as from plants and photosynthetic bacteria is its high efficiency of light-energy conversion throughout the near UV to near IR region and much higher durability using these methods than ordinary light-harvesting (LH) complex isolated from these photosynthetic membranes.
Our goal is to use the LH as a light harvester of the well-established cell in order to construct an efficient energy transfer system analogous to photosynthetic antenna from algae for development of new type of nanobiodevices and nano-baiomaterial ("artificial leaf " as shown in Scheme 1), constructing fuelization's systems of hydrogen and carbon dioxide. The present generations of sensor and semiconductor devices with an integrated circuit for developing nano-level size are too expensive to be cost-effective compared to other existing technologies. Expanding existing silicon device technologies and nanofabrication technics by incorporation of modified photosynthetic protein / pigments complexes or their protein-mimic materials to perform tasks of light-harvesting and charge separation, is currently explored as a novel concept, which makes use of natural protein environments to create a directional flow of light energy and electronic charge separation, meanwhile reducing the cost aspect by the use of bio-materials and their synthetic protein-mimic materials. The majority of the aim is construction of the array of artificial photosynthetic antenna system with nano-patterning substrate using modified photosynthetic protein materials prepared from modern biosynthetic manufacturing methods and photosynthetic pigments.
We proposed a scenario where the construction of electron transfer system analogous to artificial photosynthetic system from algae with patterning substrate is expected to start from molecular and supra-molecular entities in a variety of smart matrices that collect light energy and separate charge for developing new types of nano-biodevices and for the artificial leaf to construct the fuelization system. 
Natural Leaf
Photosynthesis and redox proteins are well-organized into thylakoid membrane in natural leaf, in which glucose and oxygen produce from CO 2 and water with assisted visible light energy as shown in this scheme.
Concept: natural leaf is the device for solar fuel production from CO 2 and water. On going: Development of artificial leaf for solar fuel hydrogen or methanol production from CO 2 based on the photosensitizer, electron carrier (artificial co-enzyme )immobilized onto substrate devices. Ⅱ. Result of the project.
Artificial Leaf
Introduction
Nature provides a number of examples, in which processes of energy conversion, storage and transport are combined and optimized through 'smart matrices' at various levels, going from molecular to cellular or higher organisms. Based on biological design principles, future biology-based photonics or their synthetic organic materials could form clean and inexpensive future alternatives for productions of nano-semiconductors and constructing fuelization's system of hydrogen and carbon dioxide (the artificial leaf). The past 10 years have seen tremendous progress in our understanding of the structure and function of the pigment-protein complexes involved in the primary reactions of bacterial photosynthesis. The structure of the reaction center (RC, the first membrane protein to have its structure determined to high resolution) revealed the nearly C 2 symmetrical arrangement of the redox centers and this system has now been extensively studied by ultrafast laser spectroscopy. More recently the structures of the LH2 complexes has revealed the nonameric and octameric arrangement of repeating units consisting of two apoproteins and one or two carotenoids and three BChls while the recent crystal structure of the LH1-RC core complex reveals that the LH1 complex surrounds the contours of the RC although a high-resolution structure has not yet been determined for the LH1 complex (Scheme 2).
Scheme 2.
Compartimentalization of light -harvesting and charge separation. The antenna complexes(LH2,LH1-RC) efficiently realize various photosynthetic functions using cofactors (BChl a and carotenoid) assembled into the apoproteins (LH1 and LH2).
The light-harvesting mechanisms in these light-harvesting complexes have been studied both spectroscopically and theoretically. These advances put us in a unique position of being able to exploit this information to design artificial photosynthetic antenna systems based on 'biological blueprint'. Our aim is to see if we could produce an antenna module, which acts as a 'sensitizer', and a light-induced redox component for nano-biophotonics and nano-biomaterial (the artificial leaf ) for fuelization. As well as using LH2 and LH1-RC from photosynthetic bacteria (Scheme 2) this summary also propose to use photosynthetic pigment complex from algae and plants (Scheme 3) or their model complexes as a light harvester of the well-established cell. One of its unique features is that it works over a large dynamic range of incident light intensities. It has a remarkable ability to capture efficiently photons even at very low light
fluxes, yet at the same time to withstand very high light fluxes by efficiently dissipating the excess photons.
Thereby, protecting itself against the potential harmful effects of over-excitation.
It is important to understand not only the mechanisms of efficient light-harvesting but also those of photo-protection. In order to understand these reactions both structural and functional information is required. The data on how the energy levels and intermolecular interactions of the pigments affect their energy-transfer properties, and how the 'durability' of the complexes is required for rational design of novel biophotonics. Based on the experiments using the native photosynthetic antenna complexes, a variety of modified complexes will be synthesized and tested for their usefulness in artificial nano-biophotonics and its fuelization. After elucidation of the mechanisms of harvesting, transferring, usage and dissipation of light energy, our aim is to optimize under a given light intensity the energy-conversion efficiency and 
Approach
The present generations of sensor and semiconductor devices with an integrated circuit for developing nano-level size are too expensive to be cost-effective compared to other existing technologies. Hence there is a need for productions of sensors and semiconductors using novel-low-cost, systems with the inherently high photon-capturing and charge separation efficiency of natural photosynthetic systems. Integration of photosynthetic proteins or it pigments complexes with nano-patterned devices for tasks of light-harvesting and charge separation will expand existing silicon device technologies and nano-fabrication technics using novel and inexpensive bio-components.
Design principles of natural photosynthetic units will form the guideposts for the design and development of native light-harvesting and photoconversion matrix modules as described in the section of a plan of work bellow. A critical step is creating functional supra-molecular nano-assembly of small organic building blocks that co-operate to create a directional flow of energy and electron using the operational principles of the natural systems. Properties of the building-block molecules intrinsically have the capacities to direct their co-operative assembly into structures with specific orientation and alignment. The advantages of the large scale of modern biosynthetic manufacturing methods offers a promising route to economically viable devices. The advantage of the light-harvesting complex is its efficient capture of photons throughout the near UV to near IR region and much higher durability than ordinary isolated dyes supported by its inherent photo-protective function. Thus, the results of the above grounds can be directly applied to the development of nano-photosensors and nano-biomaterials using modified photosynthetic pigments or their model light-harvesting materials with nano-patterning substrate. In the current of our previous study, LH1 polypeptides with cysteine group or His-tag at the C-or N-terminal, analogous to the native LH polypeptide from photosynthetic bacteria has been assembled on Au or ITO electrode. In this study, pigments such as native and chlorophyll or carotenoid derivatives were further selected and assembled on the specific site of these polypeptides to control the organization of PSI PSII and LHCII (Scheme 4) which were more stable than the LH-RC or RC complex from photosynthetic bacteria and their model complexes on electrodes modified with or without lipid bilayers.
Our goal is to
The structural effects of the pigments and the polypeptides on the production of the efficient electron flows were examined.
Further, molecular assembly of porphyrin and carotenoid model pigments on electrodes using synthetic hydrophobic model polypeptide which have similar amino acid sequences to the hydrophobic core in the native photosynthetic antenna light-harvesting polypeptides, PSI , PSII, FCP and LHCII (Scheme 4) was achieved. This method was useful for the self-assembly of these complexes in order to study the energy transfer and electron transfer reactions (capture of photons) between individual pigments in the supra-molecular complexes on the electrodes with pattern for developing nano-biodevices and nano-biomaterials. 
Experiment
More details are presented in our papers in the list of publication and in the abstracts of some representative papers attached.
Results and Discussion
Molecular self-assembly of photosynthetic pigment complex as shown in Schemes 2 & 3 and their model complexes onto various electrodes was used to develop new types of antenna-mimics nano-sensors.
In the current of our previous study, we used modified photosynthetic antenna complex with His-tag or modifiers at the LH polypeptide with SH using molecular biological methods to control the orientation and direction of the complex onto electrodes as shown in Scheme 4. It proved critical in these studies to capitalize on our knowledge of the behavior of these complexes to select those that are the most stable and well organized. The best results was only obtained with the subset of the most stable complexes, the combination of LHCII and PS II-Histag on Au electrode as well as the combination of LH2-SH and C-Histag LH1-RC assembly onto SiO2 and Au, respectively which the orientation and direction of these complexes are controlled. These studies was examined to correlate the supramolecular organization of the complexes on the electrodes with an efficient capture of photons.
Artificial domain assembly
AFM and EM studies resolved the organization of antenna complexes both in reconstituted lipid bilayers and in native photosynthetic membranes. These techniques are now being applied to investigate the organization of the antenna complexes and their synthetic model complexes on the electrodes. This work required very careful attention to detail and the current pictures are very exciting.
Scheme 5. Schematic model of the assembly of photosynthetic pigment complex (LHCII,PSII and PSI) with pigments on various substrates with pattern.
A clear fluorescence of LH2 with SH-tag was observed at the Mal sites on the substrate with lined patterning when illuminated at near IR region(see Scheme 5) in our previous AOARD report. Following this study, LH1-RC with His-tag was further assembled on the NTA site to produce an efficient energy transfer from LH2 to LH1-RC on the same substrate for development of new type of nano-sensors and nano-semiconductors (nanobiophotonics). We could see an enhanced photocurrent of LH1-RC due to the co-assembly of LH2 on the same electrode with this patterning (To be submitted.). This method of approach will be useful for constructing a new type of solar cell.
On-going : LH2 with SH-tag and LH1-RC with His-tag will be co-assembled on the Au electrode with more fined pattern to produced enhanced energy transfer systems (see, Task 2.). This method of approach using lipid bilayers will be very useful for the assembly of the LH complexes on electrodes with pattern and a defined orientation for construction of solar cell with the functions of photo-response and photoelectric currents. 
Task 2:
Artificial domain assembly of LH pigment complexes and their model complexes to construct an artificial leaf for hydrogen production.
Hydrogen production was successfully observed in porous glass by selecting optimum electron transfer reactions with proton coupling system, for an example as shown in Scheme 9.
Further, hydrogen production was successfully observed on an electrode by selecting optimum electron transfer reactions with proton coupling system, for an example as shown in Scheme 10. Chl-e 6 13. In this report, we proposed a scenario for the construction of artificial photosynthetic system ( the artificial leaf ) with patterning substrate, starting from molecular and supramolecular entities in a variety of smart matrices to lead an electrochemical potential for development of new types nanobiodevices and fuelizing carbon dioxide.
Artificial leaf
